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event(s) best explains the increase in NHE-3 protein expressionNa/H exchange activity and NHE-3 expression in renal tu-
since mRNA levels were not increased. The alterations in thebules from the spontaneously hypertensive rat.
SHR antedate the development of hypertension and fail toBackground. The NHE-3 isoform of the Na/H antiporter,
decrease as blood pressure increases with age in the SHR,in the apical membrane of renal proximal tubule, is responsible
which likely results in inappropriate renal sodium retention infor the bulk transport of Na and fluid reabsorption. Studies
the face of a chronic rise in blood pressure.have reported that apical NHE-3 translocates to internal pools,
thereby facilitating natriuresis when blood pressure increases
abruptly.
Methods. The present study examined Na/H exchange Na/H exchange (NHE) is effected by the action of
activity and NHE-3 expression in renal cortical tubules from a family of membrane proteins that are responsible for
the spontaneously hypertensive rat (SHR) and WKY rats be- the extrusion of intracellular hydrogen ions in exchange
fore and after the development of hypertension. SHR 4 to 6
for external sodium. There are five known members ofweeks of age were pre-hypertensive, 6 to 7 weeks old had mild
the NHE family (NHE-1-5) [1–4]. NHE-1 is ubiquitouslyhypertension, and 8 to 13 weeks old had severe hypertension.
expressed, is involved with cellular acid/base and volumeRenal proximal tubules (PTs) were isolated and purified by
Percoll gradient centrifugation. NHE-3 protein and mRNA homeostasis, and also has been implicated in the regula-
levels were determined by Western and Northern blots, respec- tion of cell proliferation [2, 5, 6]. Increased NHE-1 activ-
tively. Apical brush border membrane vesicles (BBMV) were ity and expression have been demonstrated in vascular
prepared using the MgSO4 aggregation method and Na/H smooth muscle cells from the SHR [3, 7–9]. This in turnexchange activity assessed using the acridine orange method.
may facilitate smooth muscle cell proliferation and/orResults. Na/H exchange activity, determined as the rate of
hypertrophy, resulting in thickening of the vascular wall,Na-dependent intracellular pH (pHi) recovery assessed using
BCECF after an acute acid load, was significantly greater in which contributes to the development and maintenance
PTs from SHR than in WKY rats at all age groups (4 to 6 of hypertension [5]. NHE-3 is predominately expressed
weeks, 0.30  0.04 vs. 0.24  0.02 pH U/30 sec, P  0.05; 6 in the kidney and intestine [2]. In renal proximal tubules
to 7 weeks, 0.42  0.07 vs. 0.29  0.05 pH U/30 sec, P  0.05; (PTs), NHE-3 is localized along the apical border andand 8 to 13 weeks, 0.48  0.07 vs. 0.40  0.07 pH U/30 sec,
is responsible for the bulk reabsorption of sodium, fluid,P  0.05). The Na-dependent recovery in BBMV was also
and bicarbonate [10, 11].greater in SHR than WKY rats (1464  62 vs. 1042  79
fluorescence. U/5 sec, P  0.001) and was unaffected by The factors resulting in increased blood pressure in
cariporide, a specific NHE-1 inhibitor. NHE-3 protein levels the spontaneously hypertensive rat (SHR), a model of
also were significantly higher in SHR than age-matched WKY genetic hypertension, are not fully elucidated, although
rats at all stages during the development of hypertension (pre- several studies have implicated both renal [12] and non-hypertensive 1.8-fold; early onset hypertension twofold; estab-
renal mechanisms [12, 13]. Alterations in NHE-3 couldlished hypertension 1.5-fold; each P  0.05). By contrast,
be involved in abnormal renal Na handling in hyperten-NHE-3 mRNA levels were not different between SHR and
WKY rats at each age group. sion. In the SHR, evidence exists for impaired pressure-
Conclusions. Na/H exchange activity and NHE-3 protein diuresis relationship such that greater perfusion pres-
abundance in renal proximal tubules from the SHR are sures are required to achieve the same level of diuresis
increased while NHE-3 mRNA is not. A post-transcriptional as compared to Wistar-Kyoto (WKY) rats [14]. Reduced
fractional excretions of Na and water also have been
Key words: blood pressure, ion transport, natriuresis, genetics, kidney, reported in the SHR [15], and the young pre-hyperten-
membranes, inbred SHR, sodium-hydrogen antiporter. sive SHR exhibits a greater cumulative Na balance as
compared to age-matched WKY rats [16]. Moreover,Received for publication September 7, 2001
lithium excretion, a marker for proximal tubule Na reab-and in revised form February 12, 2002
Accepted for publication February 14, 2002 sorption and hence NHE-3 activity, is reduced in hyper-
tensive subjects [17] and in the SHR [18]. 2002 by the International Society of Nephrology
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Evidence that blood pressure can be altered by alter- brated with oxygen for at least one hour immediately
prior to use. The tissue was incubated for 30 minutes atations in renal tubule Na/H antiport activity also
comes from more recent molecular biology studies. The 37C in shaking water bath under oxygen. After this first
incubation, the pellet was disrupted by rapidly drawingNHE-3 knockout mouse exhibits mild hypotension com-
pared to the wild type mouse [19]. Moreover, NHE-1 tissue through a 60 mL syringe 10 times. The digestion
solution was diluted by the addition of fresh MEM andover-expression in transgenic mice, resulting in the ec-
topic expression of NHE-1 in renal apical membranes, then the tissue re-incubated for 20 minutes. After the
second incubation, the tissue was washed by centrifu-resulted in a modest salt-sensitive increase in blood pres-
sure [20]. gation three times with MEM. The final pellet was re-
suspended in 1.5 mL MEM and then layered onto aPrevious studies examining renal Na/H exchange
activity in the SHR have demonstrated conflicting find- pre-formed 36% Percoll gradient. Cortical tissue was
separated into proximal and distal tubule segments byings. Some studies reported increased basal Na/H anti-
porter activity in pre-hypertensive SHR or SHR with centrifugation at 850  g for 20 minutes at 4C. The
fraction consisting of proximal tubules was washed threemild to severe hypertension [15, 21, 22]. Others, however,
reported no differences in basal Na/H antiporter ac- times by centrifugation and the final pellet was resus-
pended in 5 L medium per mg tissue.tivity between either young [23] or adult SHR and WKY
rats [23–25], or were only able to see differences in ac-
Membrane preparationstivity after hormonal stimulation in the hypertensive
SHR [23, 25]. Plasma membranes from renal cortex were prepared
as described by others [29]. The kidneys were perfusedThe present study is a systematic analysis of Na/H
exchange activity and NHE-3 expression in renal cortical with ice-cold phosphate buffered saline (PBS) containing
a cocktail of protease inhibitors. After 30 to 50 mL hadtubules from SHR and WKY rats prior to and during the
development of hypertension. We report that Na/H been perfused, the kidneys were removed and placed in
fresh PBS on ice. The renal cortex was dissected freeexchange activity and NHE-3 protein abundance are
increased in tubules from pre-hypertensive SHR and and finely minced. The cortical pieces were homogenized
using a Duonce style tissue homogenizer in a buffer so-that they remain elevated in the SHR after the devel-
opment of mild or severe hypertension as compared to lution containing: 300 mmol/L sucrose, 18 mmol/L Tris-
HCl, 5 mmol/L egtazic acid (EGTA), 4 g/mL aprotinin,age-matched normotensive WKY rats.
4 g/mL leupeptin, 2 g/mL chymostatin, 2 g/mL pep-
statin, and 100 g/mL AEBSF, pH 7.4. The homogenate
METHODS
was centrifuged at 6000  g for 15 minutes at 5C to
Rats and in vivo parameters yield a post-mitochondria fraction. The supernatant was
then centrifuged at 45,000  g for 45 minutes at 5C.Spontaneously hypertensive rats and age-matched WKY
rats were purchased from Taconic Laboratories (Ger- The resulting crude membrane pellet was resuspended
in 0.5 to 1 mL homogenizing buffer and stored at 80Cmantown, NY, USA). Prior to use blood pressures were
determined using the tail cuff method [3, 26]. The rats until used.
Apical brush border membrane vesicles (BBMV)were studied in three different age groups consistent
with the development of hypertension in the SHR: 4 to were prepared at pH 6.0 using the MgSO4 aggregation
technique [30], as modified by others [31–33].6 weeks old (4.95 0.06 weeks), 6 to 7 weeks old (6.30
0.13 weeks), and 8 to 13 weeks old (10.34  0.41 weeks).
Determination of intracellular pH and Na/HFor every experiment, pairs of SHR and age-matched
antiporter activityWKY rats were run in parallel.
Na/H antiporter activity was determined in PTs and
Isolation and purification of cortical proximal BBMV (see below). Suspensions of PTs were loaded with
tubule segments BCECF-AM (5 mol/L) for the measurement of intra-
cellular pH (pHi) [28]. Probenecid was added to reduceKidneys from anesthetized rats (pentobarbital 50 mg/
kg) were perfused via a retrograde cannula with ice-cold active extrusion of the hydrolyzed pH indicator from the
cells [3]. PTs were loaded for 30 to 60 minutes at roomminimum essential medium (MEM) containing: 0.5 g/L
collagenase and hyluronidase and 0.3 g/L soybean tryp- temperature. After loading, the PTs were washed three
times and then sat for an additional 30 minutes to allowsin inhibitor (STI). Renal cortical PTs were isolated and
purified as described by others [27] and modified by us hydrolysis of the dye. The PTs were then kept on ice
until used. For the determination of pHi, 100 L aliquots[26, 28]. The renal cortex was dissected away, finely
minced, and then transferred to silconized flasks con- were prewarmed for 10 minutes in a 1.9 mL assay solu-
tion prior to measurement.taining MEM plus 1 g/L collagenase and hyluronidase,
0.3 g/L STI, and 5 g/L DNAse. All solutions were equili- BCECF fluorescence was continuously measured at
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an emission wavelength of 520 nm and alternating ex- gel electrophoresis (SDS-PAGE; 7.5% gels). After elec-
trophoresis, the proteins were transferred overnight ontocitation wavelengths of 500 and 440 nm. Data to calculate
pHi was obtained every 5 seconds using a DMX 1000 nitrocellulose paper (Hybound Super; Amersham, On-
tario, Canada) by electrophoresis [9].spectrofluorometer (SLM-Amicon; Fig. 1). Calibration
of the 500/440 nm ratio to pHi was done at the begin- Detection of the NHE-3 protein was performed using
double antibody staining. Prior to probing with the pri-ning of each experiment using 6 g/mL nigericin in a
120 mmol/L KCl solution as previously described [3, 34]. mary antibody, the nitrocellulose membrane was blocked
for nonspecific protein binding by incubation for at leastNa/H exchange activity was determined from the
rate of pHi recovery in PTs that were acutely acidified. one hour with 5% powdered milk in PBS containing
0.1% Tween-20 (PBS-T). After blocking, the membraneThe nigericin pH clamp technique employed was a varia-
tion of that previously reported by us [3]. Briefly, 100 L was washed twice in 0.1% PBS-T and then probed for
1–2 hours with rabbit polyclonal antibody against NHE-3aliquots of PTs were pelleted and then resuspended in
1 mL of a 110 mmol/L KCl buffer, pH 6.0, containing diluted (1:750) in 0.1% PBS-T plus 0.2% fish skin gelatin.
Affinity purified antibody against the cytoplasmic tail of6 g/mL nigericin. After a 10 minute incubation, bovine
serum albumin (1 mg; BSA) was added to the suspension NHE-3 were a generous gift from Dr. Orson Moe (Dal-
las, TX, USA). After probing, the membrane was sub-to scavenge the nigericin. The PTs were then pelleted
and resuspended in 100L KCl solution, pH 6.0, without jected to multiple washes with PBS-T and then incubated
for one hour with horseradish peroxidase (HRP)-labelednigericin and then immediately injected into 1.9 mL re-
covery solution contained in an acrylic cuvette sitting in donkey anti-rabbit IgG diluted (1:5000) in PBS-T  3%
powdered milk. After incubation, the membranes under-the fluorometric sample compartment. Na/H exchange
activity was defined as the rate of sodium dependent went another series of washes with PBS-T. The bound
antibody was then visualized using enhanced chemolum-pHi recovery. That is, the difference in the rate of pHi
recovery of PTs assayed in the presence and absence inescence (ECL) detection (Amersham) and exposure
to x-ray film. Densitometric quantification of the NHE-3of external Na. The standard assay solution had the
following composition (mmol/L): NaCl 136.8, KCl 4.7, protein band, at 85 kD, was done using a Bio-Rad
densitometer [9].CaCl2 1.25, MgCl2 1.25, Na2HPO4 0.97, NaH2PO4 0.23,
glucose 5, HEPES 5, pH 7.4. For pHi studies performed
RNA isolation and Northern blottingin the absence of Na, N-methyl-D-glucamine (NMDG)
was used as the major cation. Total RNA, for Northern blot analysis, was isolated
from the renal cortex of kidneys obtained as describedNa/H exchange activity in BBMV was determined
using the acridine orange fluorescent technique [31–33]. above. The cortex was dissected away, weighed, and
homogenized in a guanidine thiocyanate, sarcosyl solu-Briefly, acridine orange (6 mol/L) was added to a so-
dium free buffer of the following composition (mmol/L): tion. Total RNA was isolated and purified using the
method of Chomczynski and Sacchi as described by oth-sucrose 150, N-methyl-D-glucamine gluconate 150, and
Hepes/KOH, pH 7.5. The fluorescence was monitored ers [38] and stored at 60 F until used as previously
described by us [3].at 0.5 second intervals for one minute (ex 493 nm, em
530 nm, 23C) followed by injection of vesicles (100 g NHE-3 mRNA expression was assessed by Northern
blot analysis as previously described [39]. Briefly, RNAprotein) that were pre-formed at an internal pH 6.0 [32].
After two minutes Na gluconate (90 mmol/L) was in- (10 g) was electrophoresed in a 1% formaldehyde aga-
rose gels, transferred to nitrocellulose membranes, andjected into the cuvette. Na/H exchange activity was
defined as the rate of change of acridine orange fluores- hybridized with a 32P-labeled full-length cDNA probe
against NHE-3. Probes were 32P labeled as per manufac-cence in the presence of sodium at 5 seconds. Some
samples had the NHE-1 inhibitor cariporide (10 mol/L; turer’s instructions using a random primer kit (Gibco,
Grand Island, NY, USA). The full-length rat NHE-3Aventis, Frankfurt, Germany) added to the cuvette prior
to injection of vesicles [35–37]. cDNA was a generous gift from Dr. Orson Moe (Dal-
las, TX, USA). The hybridization signals were normal-
Western blotting ized to those of 28S RNA to correct for differences in
loading. After hybridization the membrane was exposedPlasma membrane preparations were used for West-
ern blotting. Protein concentrations were determined us- to x-ray film overnight and the density of the blots were
quantified by densitometric analysis using an Eagle Eyeing the BCA protein assay (Biorad, Mellville, NY, USA).
One hundred micrograms of protein from paired SHR II Video System.
and WKY preparations was mixed with 5 reducing
Statistical analysisLaemmli sample buffer (Pierce, Rockford, IL, USA),
briefly sonicated, and then boiled for 5 minutes. Proteins Data are expressed as means SE. Differences in the
rates of Na/H exchange activity over time were de-were resolved by sodium dodecyl sulfate-polyacrylamide
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Fig. 2. Sodium dependent pHi recovery. PTs from SHR (dark circles)
or WKY rats (shaded circles) 6- to 7-weeks-old were isolated and acutely
acidified as described in methods. NHE-3 activity, defined as the sodium
dependent change in pHi, was significantly greater in PTs from the SHR
than WKY (P  0.001 by a two-way ANOVA).
Table 1. Blood pressure and intracellular pH (pHi) recovery rates
Blood pressure pHi recovery rateAge mm Hg DpHi /30 secondsgroup
weeks SHR WKY P SHR WKY P
4–6 1107 1076 NS 0.300.04 0.240.02 0.05
6–7 1267 1034 0.01 0.420.07 0.290.05 0.05Fig. 1. (A) Representative intracellular pH (pHi) recovery experi- 8–13 16210 1044 0.001 0.480.07 0.400.07 0.05ments. Proximal tubules (PTs) were acutely acidified using the nigericin
technique as described in Methods section, and then injected into a
buffer solution containing 140 mmol/L sodium (light line) or without
sodium (NMDG; dark line) for determination of the rate of pHi re-
covery. There was a rapid increase in pHi when PTs were assayed in containing HEPES buffered solution, there was a rapidthe presence of sodium that was virtually blocked in the absence of so-
dium. (B) Brush border membrane vesicles (BBMV) were injected into rise in pHiwhereas when PTs were assayed in the absence
a Na-free buffer solution containing acridine orange. Where indicated, of Na in the media, the pHi recovery was almost com-the injection of Na gluconate resulted in a robust recovery of the acri-
pletely obliterated (Fig. 1). Na/H exchange activity, de-dine orange fluorescence.
fined as the difference in the pHi recovery rates from an
acute acid load in PTs assayed in the presence and ab-
sence of sodium was significantly greater in PTs fromtermined by a two-way analysis of variance (ANOVA).
Differences between groups were determined by the the SHR as compared to those from WKY rats (Fig. 2).
Maximal Na/H exchange activity, taken from the ini-Student t test for paired or unpaired data when appro-
priate. Differences were considered statistically signifi- tial linear portion of the pHi recovery curves (that is, the
first 30 seconds) was greater in PTs from the SHR as com-cant when P 	 0.05.
pared to those from WKY rats determined at all ages
studied: 4 to 6, 6 to 7, and 8 to 13 weeks of age (Table 1).
RESULTS
As shown in Table 1, there were marked differences
Na/H antiporter activity in systolic blood pressure between SHR and WKY rats
of 6 to 7 and 8 to 13 weeks of age, whereas it was not dif-NaH exchange activity was determined in PTs acutely
acidified to a pHi of about 6.0 using the nigericin pH ferent between SHR and WKY rats 4 to 6 weeks of age.
There appeared to be a tendency for the mean Na/Hclamp technique. When the PTs were injected into a Na
LaPointe et al: NHE-3 in SHR proximal tubules 161
Fig. 3. Acridine orange fluorescence recov-
ery. (A) BBMV from SHR (dark circles) ex-
hibited a faster rate of acridine orange fluo-
rescence recovery than BBMV from WKY
rats (shaded circles) in the presence of sodium
(P  0.001 by a two-way ANOVA). (B) The
initial rate of recovery (5 seconds) was faster
in BBMV from SHR () than those from
WKY rats ( ) under control conditions or
after NHE-1 inhibition with cariporide (*P 
0.001 by unpaired t test).
exchange activity to increase with age in PTs from SHR
and WKY rats (Table 1), however, this was not statisti-
cally significant. Neither an analysis of covariance, nor
regression analysis showed significant correlations be-
tween NHE-3 protein levels or Na/H exchange activity
and blood pressure in either SHR or WKY rats.
Na/H exchange activity was also determined in
BBMV. Injection of vesicles pre-formed at pH 6.0 into
an acridine orange containing buffer solution (pH 7.5)
resulted in a sharp decline in fluorescence. In the absence
of sodium, there was a minimal increase in fluorescence,
whereas the injection of sodium to the solution resulted
in a rapid increase in fluorescence (Fig. 1B). The increase
in acridine orange fluorescence was greater in SHR than
WKY vesicles throughout the recovery (Fig. 3A). The ini-
tial rate of change in fluorescence (5 seconds) was greater
in vesicles from the SHR than those from WKY rats
Fig. 4. Representative Western blot. Kidney cortical membranes were(Fig. 3B). PTs express both the NHE-1 and NHE-3 iso-
isolated and fractionated on a 7.5% polyacrylamide gel and probedforms of the Na/H antiporter [11, 40]. Thus, some with antibody against NHE-3 as described in the Methods section. The
studies examined the rate of change in acridine orange antibody specifically recognized a protein band at about 85 kD that
was more abundant in the SHR and WKY preparation. A second bandfluorescence in the presence of the specific NHE-1 in-
was present at 180-200 kD that may represent dimerization of thehibitor, cariporide [35–37]. In the presence of caripo-
NHE-3 protein [42], or covalent bonding of NHE-3 to other membrane
ride, the initial rate of change in fluorescence was still proteins. This band also was greater in the SHR than WKY preparation.
greater in vesicles from the SHR than those from WKY
rats (Fig. 3B), indicating that it was not due to increased
activity of NHE-1. By exclusion we infer that the increase
tivity observed in PTs from the SHR was associated within Na dependent fluorescence recovery is due to increased
an increase in the amount of NHE-3 protein. For theseactivity of NHE-3. We found that the use of acridine
studies, membrane preparations from renal cortex wereorange and amiloride analogs is technically problematic
isolated from paired SHR and age-matched WKY rats,as previously reported [41]. Thus, experiments using
as in the previous series of studies. Antibodies to NHE-3EIPA to inhibit NHE-3 activity are not reported.
recognized a protein band at about 85 kD in both SHR
Relative levels of NHE-3 protein and WKY preparations (Fig. 4). In addition, a second
band was often present at 180 to 200 kD as had beenNHE-3 protein levels were measured by Western blot-
ting to determine if the increase in NaH exchange ac- described by others [42]. The 180 to 200 kD band may
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Fig. 7. Representative Northern blots. RNA bands for NHE-3 and 28s
from representative experiments at each age group of SHR and WKY
rats are shown.
Fig. 5. Densitometric analysis of NHE-3 protein abundance. NHE-3
protein abundance in SHR renal cortical membranes () are expressed
as a function of paired WKY preparations ( ). For each pair of data
the densitometric value for the WKY was normalized to 1. Data are
expressed as mean  SE for the SHR. *NHE-3 protein abundance was
significantly increased in the SHR compared to WKY rats for each age
group.
Fig. 8. Densitometric analysis of NHE-3 mRNA abundance. NHE-3
Fig. 6. Representative protein bands. The 85 kD protein bands from mRNA abundance in SHR renal cortical membranes () and paired
representative Western blots of NHE-3 at each age group are shown. WKY preparations ( ) were normalized for 28s RNA. NHE-3 mRNA
The densitometric analysis revealed greater abundance in the SHR than levels were not significantly different between SHR and WKY rats for
paired WKY bands for each age group. any age group. Data are expressed as mean  SE.
When data from all age groups were pooled, therepresent dimerization of the NHE-3 protein [42] or
covalent bonding of NHE-3 to other membrane proteins. amount of NHE-3 protein was greater in SHR (N 
 24)
than WKY (N 
 24) rats (10.25  2.37 vs. 7.05  1.67The relative amount of NHE-3 protein for each pair
of membrane preparations was determined after nor- O.D. units, respectively, P  0.005). This represented a
1.73  0.13-fold increase (73%) in NHE-3 protein inmalization of the level of NHE-3 protein of the WKY
(Fig. 5). Analysis between SHR and WKY rats on the SHR renal cortical membranes relative to the amount
present in WKY rats (P  0.005).basis of age, and thus, the degree of hypertension in
the SHR revealed that NHE-3 levels were significantly
Relative levels of NHE-3 mRNAhigher in SHR than age-matched WKY rats at each age
group, that is, at all stages during the development of Relative levels of NHE-3 mRNA expression between
SHR and WKY rats were determined using Northernhypertension (Fig. 5). The amount of NHE-3 protein in
renal cortical membranes from the SHR relative to that blot analysis, and 28s RNA was used to normalize the
data for differences in RNA loading between lanes. Com-in WKY rats was: 4 to 6 week old rats, 1.78  0.25 (N 

5, P  0.01); 6 to 7 week old rats, 2.02  0.24 (N 
 7, parisons of NHE-3 mRNA expression between SHR and
WKY rats analyzed on the basis of age, and thus, theP  0.05); and 8 to 13 week old rats 1.53  0.19 (N 

12, P  0.05). A representative blot of NHE-3 protein degree of hypertension in the SHR, are shown in Figures
7 and 8. NHE-3 mRNA expression in renal cortex fromprocessed simultaneously from each age group is shown
in Figure 6. the SHR was not different from that of WKY rats at
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any of the three age groups. When examined altogether, NHE-3 activity is regulated by a variety of mechanisms.
Acute hormonal regulation of NHE-3 occurs through phos-irrespective of age and the degree of hypertension, the
level of NHE-3 mRNA expression was still not differ- phorylation, binding to regulatory proteins, and traffick-
ing of functional units between apical membranes andent between SHR and WKY rats (0.78  0.13 vs. 0.96 
0.17, respectively, N 
 17, NS). intracellular compartments [4, 46–49]. The acute bio-
chemical regulation of NHE-3 is especially evident in
studies using isolated membranes and reconstituted sys-
DISCUSSION
tems where membrane trafficking is unlikely to occur [50].
The present study examined Na/H exchange activity NHE-3 activity is modulated through binding to a regula-
and expression of NHE-3 in renal proximal tubules from tory protein, NHERF. Binding of NHE-3 to NHERF is
SHR and age-matched WKY rats. Our data show that necessary for cAMP mediated inhibition of NHE-3, en-
Na/H exchange activity was increased in the pre-hyper- hances phosphorylation in response to hormones, and
tensive SHR and remained elevated throughout the de- may control membrane trafficking of the protein [50].
velopment of hypertension. Evidence that the increase Our studies did not address whether NHERF was in-
in Na/H exchange activity in the SHR was due to volved in the increased activity of NHE-3 in renal cortical
increased NHE-3 activity comes from the BBMV studies. tubules from the SHR.
Compared to the WKY, BBMV from the SHR exhibited Under certain chronic conditions, NHE-3 regulation
a faster rate of acridine orange fluorescent recovery that occurs at the transcriptional level [51–54]. For example,
was sodium dependent and not affected by the NHE-1 volume contraction increases NHE-3 mRNA levels in
inhibitor, cariporide. Moreover, the increase in Na/H rabbit kidneys [51]. Transcriptional regulation, however,
exchange activity was associated with increased mem- does not seem to be the controlling mechanism of NHE-3
brane levels of NHE-3 protein in a relatively similar pro- in response to acute blood pressure changes. Recent
portion, suggesting that the relative over-abundance of studies by McDonough and co-workers showed that
protein in the apical membrane could account for the NHE-3 is regulated by rapid shunting of functional units
increase in Na/H exchange activity. Our findings of between the outer luminal membranes and internal com-
increased Na/H exchange activity and expression of partments in response to acute alterations in blood pres-
NHE-3 protein are in agreement with a previous study sure [55, 56]. The abrupt increases in blood pressure,
[22], but different from more recent studies which failed capable of triggering a pressure natriuresis, resulted in
to find significant differences in total NHE-3 protein in a decrease in NHE-3 protein from the apical membrane
cortical membrane preparations between SHR and non- in both control rats and the pre-hypertensive SHR [43,
hypertensive control rats [43, 44]. 55, 56]. Of interest, abrupt increases in blood pressure
In the present study, NHE-3 mRNA levels were not dif- did not result in NHE-3 internalization in proximal tu-
ferent between SHR and WKY rats. Our findings there- bules from the adult SHR [43]. This was attributed to a
fore are not consistent with a transcriptional mechanism greater percent of the NHE-3 protein in the adult SHR
of regulation in the SHR as the cause of increased NHE-3 all ready being located along the base of the apical micro-
protein expression and Na/H exchange activity. Rather, villi rather than along the tip where it may be functionally
they suggest that a post-transcriptional mechanism is re- more active [43].
sponsible for the over-expression of NHE-3 protein and Translocation of NHE-3 into internal pools is apt to
the associated increase in Na/H exchanger activity. decrease Na/H exchange activity and cause natriure-
Our data are in concordance with the findings by Hayashi sis. Thus, it seems reasonable to postulate that a decrease
et al, who also reported that NHE-3 mRNA levels were in apical NHE-3 protein could serve as an adaptive mech-
not increased in proximal tubules from the SHR as com- anism to prevent blood pressure elevations in normal
pared to age-matched WKY rats even though Na/H subjects. In support of a role of NHE-3 in blood pressure
exchange activity was increased [21]. This finding, how- regulation is the finding that NHE-3 knockout mice ex-
ever, is contrary to a report by Kelly et al, who reported hibit relative natriuresis and hypotension [19]. An in-
that both NHE-3 protein and mRNA were increased in crease in NHE-3 activity, by contrast, should translate
the SHR [22]. A finding of increased protein with un- into enhanced capacity for Na and fluid reabsorption and
changed mRNA is not without precedent in regards to possibly result in an increase in blood pressure over time.
other Na/H exchange isoforms. Protein expression and The finding in the present study of increased Na/H
activity of the NHE-1 isoform are increased in cultured exchange activity and NHE-3 protein expression in renal
VSMC from the SHR, whereas its mRNA levels remain proximal tubules from the SHR, in the face of a progres-
unchanged relative to cells from WKY rats [3, 7, 9, 45]. sive increase in blood pressure with age, may thus pro-
Thus, NHE-3 overactivity in renal cells, like NHE-1 over- vide a maladaptive mechanism of sustained Na reten-
activity in vascular cells from the SHR, appears to result tion. That is, in the presence of chronic hypertension,
the relative abundance of NHE-3 in the apical membranefrom post-transcriptional mechanisms.
LaPointe et al: NHE-3 in SHR proximal tubules164
9. LaPointe M, Ye M, Bacallao R, Batlle D: NHE-1 protein inshould be reduced, not increased. Our findings of in-
vascular smooth muscle and lymphocytes from the spontaneously
creased Na/H exchange activity in the adult SHR thus hypertensive rat. Hypertens 30:880–885, 1997
suggests that NHE-3 translocation is insufficient to com- 10. Amemiya M, Loffing J, Lotscher M, et al: Expression of NHE-3
in the apical membrane of rat renal proximal tubule and thickpletely suppress the overactivity of the exchanger even if
ascending limb. Kidney Int 48:1206–1215, 1995some internalization had occurred as described by others 11. Biemesderfer D, Pizzonia J, Abu-Alfa A, et al: NHE3: A Na/H
[43]. We surmise that it is this failure to effectively down exchanger isoform of renal brush border. Am J Physiol 265:F736–
F742, 1993regulate NHE-3 activity as blood pressure increases in
12. Rettig R, Folberth C, Stauss H, et al: Role of the kidney inthe SHR that contributes to inappropriate Na retention primary hypertension: A renal transplantation study in rats. Am
and further contributes to the maintenance of hyperten- J Physiol 258:F606–F611, 1990
13. Triggle CR: Hypertensive mechanisms: The role of altered smoothsion. In this respect, our findings in the SHR are similar
muscle and membrane function in the etiology of hypertension.to that seen in Dahl rats. In Dahl salt-resistant rats, ex- Can J Physiol Pharmacol 63:353–354, 1985
posure to a high salt diet resulted in down regulation of 14. Roman RJ, Cowley AW Jr: Abnormal pressure-diuresis-natriure-
sis response in spontaneously hypertensive rats. Am J Physiol 248:Na/H exchange activity that did not occur in Dahl salt-
F199–F205, 1985sensitive rats, despite increased blood pressure [31]. Thus,
15. Morduchowicz GA, Sheikh-Hamad D, Jo OD, et al: Increased
in both animal models of hypertension, Na/H exchange Na/H antiport activity in the renal brush border membrane of
SHR. Kidney Int 36:576–581, 1989activity appears to be inappropriately regulated.
16. Beierwaltes WH, Arendshorst WJ, Klemmer PJ: Electrolyte andWe conclude that increased NHE-3 protein and ac-
water balance in young spontaneously hypertensive rats. Hypertens
tivity in renal proximal tubules from the SHR antedates 4:908–915, 1982
17. Weder AB: Red-cell lithium-sodium countertransport and renalthe development of hypertension and may contribute to
lithium clearance in hypertension. N Engl J Med 314:198–201, 1986its initiation. Our data also provide an explanation for
18. Biollaz J, Waeber B, Diezi J, et al: Lithium infusion to study
why the reabsorptive capacity for Na and fluid in proxi- sodium handling in unanesthetized hypertensive rats. Hypertens
mal tubules from the SHR is not suppressed despite 8:117–121, 1986
19. Schultheis PJ, Clarke LL, Meneton P, et al: Renal and intestinalthe development of severe hypertension. That is an in-
absorptive defects in mice lacking the NHE3 Na/H exchanger.appropriate increase in NHE-3 protein expression and Nat Genet 19:282–285, 1998
Na/H exchanger activity remains despite increasing 20. Kuro-o M: Hanaoka K, Hiroi Y, et al: Salt-sensitive hypertension
in transgenic mice overexpressing Na()-proton exchanger. Circblood pressure.
Res 76:148–153, 1995
21. Hayashi M, Yoshida T, Monkawa T, et al: Na/H-exchanger 3
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